Silicon-organic hybrid (SOH) devices combine silicon waveguides with a number of specialized materials, ranging from third-order optically-nonlinear molecules to second-order nonlinear polymers and liquid-crystals. Second-order nonlinear materials allow building high-speed and low-voltage electro-optic modulators, which are key components for future silicon-based photonics transceivers. We report on a 90 GHz bandwidth phase modulator, and on a 56 Gbit/s QPSK experiment using an IQ Pockels effect modulator. By using liquid-crystal claddings instead, we show experimentally that phase shifters with record-low power consumption and ultra-low voltage-length product of V π L = 0.06 Vmm. Secondorder nonlinear materials, moreover, allow creating nonlinear waveguides for sum-or difference-frequency generation, and for lowest-noise optical parametric amplification. These processes are exploited for a large variety of applications, like in the emerging field of on-chip generation of mid-IR wavelengths, where pump powers are significantly smaller compared to equivalent devices using third-order nonlinear materials. In this work, we present the first SOH waveguide design suited for second-order nonlinear processes. We predict for our device an amplification of 14 dB/cm assuming a conservative χ (2) -nonlinearity of 230 pm/V and a CW pump power as low as 20 dBm.
INTRODUCTION
Silicon has several exceptional physical properties which make it one of the best materials for future low-power, lowcost and high-volume photonic integrated circuits (PICs) [1] . However, silicon suffers also from some fundamental limitations. For example, it has no second-order nonlinearity, has a large two-photon-absorption (TPA) coefficient, and is an indirect band gap semiconductor. As a consequence, silicon alone cannot be used for building Pockels effect modulators, cannot be pumped with high optical powers as often required in nonlinear processes, and cannot be exploited for light emission. By combining specialized cladding materials with silicon waveguides, it is possible to take advantage of the strong optical confinement and of the inexpensive silicon fabrication technology, while high optical nonlinearities, small TPA coefficients, voltage-dependent birefringence and optical emission come from tailored organic cladding materials. And indeed, high-speed modulators [2, 3] , wavelength converters [4] , low-power phase shifters [5, 6] and even lasers have been successfully demonstrated on the versatile silicon-organic hybrid (SOH) platform [7] . In this paper we review our recent advances in SOH high-speed modulators, showing the first silicon device having a 3 dB bandwidth higher than 90 GHz and demonstrating high-speed data transmission with an IQ modulator. In addition, highly-efficient liquid crystal phase shifters are reported. Finally, we propose a waveguide structure for achieving efficient difference-frequency generation.
HIGH-SPEED SOH MODULATORS
Optical modulators are key components for a variety of applications such as photonic transceivers or radio-over-fiber links. However, achieving low modulation voltage and high-speed operation still remains a challenge. Since silicon does not possess a χ (2) -nonlinearity, state-of-the art silicon photonic modulators mainly rely on free-carrier dispersion in pin or pn junctions [8] [9] [10] . The latter concept enables higher modulation bandwidths, and 50 Gbit/s have already been achieved by on-off keying (OOK) with a voltage-length product V π L = 28 V mm [11] . Unfortunately, such plasma effect phase modulators produce undesired intensity modulation as well, and they respond nonlinearly to the applied voltage. The hybrid integration of III-V epitaxy stacks grown in InP substrates and subsequently transferred to SOI waveguides is an alternative approach for creating high-speed electro-absorption modulators [12] . Recently, such a device demonstrated a 3 dB bandwidth larger than 67 GHz, becoming the fastest modulator realized so far on a silicon chip. The optical active region (slot) is connected to the metal electrodes by means of thin silicon strips. On top of the silicon strips a SiO 2 film is deposited and covered with the gate electrode (n-type polysilicon). The entire waveguide is covered with a nonlinear organic cladding which uniformly fills the slot (not shown). (b) Cross-section of the waveguide and electric field distribution of the optical mode (quasi-TE, dominant electric field in parallel to the substrate plane); the light is concentrated in the slot. Lower inset: Equivalent RC circuit for the transfer of the voltage between metallic electrodes to the voltage dropping across the slot (slot capacitance C, strip resistance R). (c) When a positive gate voltage is applied across the gate oxide, a highly conductive electron accumulation layer is formed in the silicon strips. Under the influence of the gate voltage V gate the energy bands in the strip are bent. The quantities E F,C,V are Fermi energy, conduction and valence band edge energy, respectively; q is the elementary charge. In the experiments reported in this work, the gate voltage is applied between the silicon strips and the silicon substrate instead [3] .
Advanced modulation formats like QAM require, however, a linear response and pure phase modulation, making the exploitation of the electro-optic effect (Pockels effect [13] ) particularly desirable. The SOH platform is an ideal candidate for fulfilling these requirements [14] [15] [16] [17] . In an SOH modulator, the optical quasi-TE field (dominant electric field in parallel to the substrate plane) is guided by a silicon waveguide, while the electro-optic effect is provided by an organic cladding with a high χ (2) -nonlinearity. The optical nonlinear interaction occurs inside a nanoscale slot, taking advantage of the field-enhancement caused by discontinuity of the refractive index. In these modulators, the optical nonlinear region needs to be connected to the modulating electrical source, Figure 1 . This requires electrodes, which are both optically transparent and electrically highly conductive. To this end we exploit a thin silicon strip and a highly conductive electron accumulation layer which is induced by an external DC "gate" voltage. As opposed to doping, the electron mobility is not impaired by impurity scattering so that sheet resistances as low as 3 kΩ/sq can be obtained with small optical loss [3] . This way we demonstrate for the first time an SOH electro-optic modulator having a 3 dB bandwidth larger than 90 GHz; this device has voltage-length product of V π L = 11 V mm -the smallest ever reported value for a high-speed silicon-based modulator. Using a similar device in IQ-configuration (longer and with lower bandwidth), we demonstrate a data rate of 56 Gbit/s with a bit-error-ratio (BER) smaller than 10 -10 when using an equalizer on the receiver.
Over 90 GHz bandwidth phase modulators
High-speed electro-optic modulators continue attracting major attention from the integrated-optics community. However, even if a 3dB-bandwidth of 32 GHz has been demonstrated in silicon-photonics already four years ago [18] , no integrated device has been capable so far to approach the psychological threshold of 100 GHz [12] . This is true not only for silicon-based devices (silicon notoriously suffers from small mobilities), but also for III-V materials like InP or GaAs, or any other integrated technology available. Several reasons limit the device speed, comprising RC-limitations, carrier lifetime, and long and lossy electrode designs [9] . In the present work we utilize a 500 µm long, highly-efficient nonlinear waveguide, together with a gate-induced highly-conductive charge accumulation layer for diminishing the RC time constant. The silicon waveguide has been fabricated at CEA-Leti and the silver metallization has been performed in-house. The device has been characterized by monitoring the modulation sidebands on an optical spectrum analyzer (OSA); this allows to calculate the modulation index, which is the maximum phase shift achieved in a cycle [3] . As electrical sources three independent RF sources and calibrated electrical power meters have been used. A calibration substrate (CS-8 from GGB Industries, Inc.) has been used for subtracting the loss of the RF cables and picoprobes. The modulation index normalized to 10 dBm of RF power (1 V amplitude at 50 Ω impedance) is shown in Figure 2 (a). The minimum value of the modulation index in the entire measured range is larger than 70.7 % of its maximum value, indicating that the 3 dB EO bandwidth of the modulator is larger than 90 GHz (the modulation index is linearly proportional to the voltage and to the square root of the power). The modulation index has been monitored for the frequencies 10, 50, 90 GHz while the gate field was increased from 0 V/nm to 0.2 V/nm, Figure 2 (b). As can be seen, each curve reaches a plateau at large gate fields, indicating that the RC time constant does not limit the device bandwidth for large gate fields.
Despite its large bandwidth, our device has a voltage-length product of V π L = 11 Vmm which very well competes with the best silicon-photonic modulators available today [10, 19, 20] .
56 Gbit/s QPSK modulation
In order to show that SOH modulators can successfully support higher modulation formats, we combined four SOH phase-shifters into an IQ modulator as depicted in Figure 3 (a). The phase shifters have a length of 1.5 mm and the entire chip, comprising the metal stack, has been fabricated in a CMOS fab (IMEC). The oxide over the waveguide and inside the slots has been removed by dry and wet etching. Low-loss mode converters have been used to excite the optical modes in the slot waveguide [21] . A 56 Gbit/s QPSK signal with V pp = 4.5 V was launched into the two ground-signal-ground (GSG) electrodes. Each Mach-Zehnder interferometer (MZI) was terminated with an external 50 Ω resistor. Two bias-Ts were used for fine phase adjustments. The signal was then received with an optical modulation analyzer and equalized with a digital filter using 20 taps and having a length of 20 symbols. The constellation diagram, as well as the eye diagrams for I and Q separately, can be seen in Figure 3 . A bit-error-ratio of less than 10 -10 is recorded when a gate field of 0.1 V/nm was applied between the silicon substrate and the device silicon layer for increasing the device's bandwidth. 
LOW-VOLTAGE AND LOW-POWER SOH PHASE SHIFTER
Phase shifters are essential for a large variety of applications in silicon photonics such as optical matrix switches, polarization controllers, tunable filters, and delay-interferometers, e. g., in fast Fourier transformers [22] . To enable dense integration, phase shifters must be compact, power-efficient, and tuning voltages should be below 1 V. Thermal phase shifters exploit the high thermo-optic coefficient of silicon by heating silicon nanowires with a constant current flow. These devices enable phase shifts of few π [23, 24] , however, their viability is limited by their power dissipation and the associated limitations in integration density. Liquid crystals offer the potential of maintaining a phase shift with negligible power consumption [5, [25] [26] [27] , but at present, low phase shifting efficiencies lead to long devices or high drive voltages.
In this section we report on a phase shifter with a record-small voltage-length product of V π L = 0.06 Vmm. This is obtained by combining liquid crystals with slot-waveguides within the silicon-organic hybrid platform [28] .
Design and Fabrication
Liquid-crystals are highly birefringent materials, which can reorient under the influence of an electric field. This makes them ideal candidates for electro-optic applications. Strip-loaded slot waveguides enable efficient interaction of the guided light with a functional cladding, and at the same time allow generating high modulating electric field strengths [3] . The combination of these advantages is expected to lead to highly-efficient phase shifters with purely capacitive input impedances and therefore ultra-low power consumption. Figure 4 depicts the strip-loaded slot waveguide used in the experiment. The external voltage is applied to the metallic electrodes located at a sufficient distance from the optical slot waveguide. The applied voltage drops entirely across the 120 nm wide slot, creating a strong electric field which can reorient the director of the liquid crystal deposited in the slot. The resistive silicon strips together with the capacitive slot act as an RC-circuit, whose time constant is negligible because of the slight doping of the silicon strips [3] . The phase shifter region is 1.7 mm long and has been fabricated entirely in the silicon fab of CEA-Leti, see Ref. [3] for a detailed description. The liquid crystal we tested is the commercially available E7 mixture, which is commonly used in liquid crystal displays. Figure 1b ; the light is concentrated inside the slot. Also indicated is the lumped equivalent circuit of the device. The slot is represented by a capacitance and the strip-load by a resistance. (b) Sketch of the waveguide. The liquid crystal is assumed to cover the waveguide homogeneously, and to entirely fill the slot. The nominal rail and slot widths of the waveguide are 120 nm and 240 nm, respectively.
Results
In order to prevent ion migration in the liquid crystal, we applied a 100 kHz electrical square wave, as common in LC technology. The liquid crystal orientation, and therefore the optical phase-shift, can then be tuned by varying the amplitude of the square wave. An example is to be seen in Figure 5 , where the envelope of the 100 kHz square signal is modulated with a 100 Hz triangular wave having 4 V amplitude. The maximum phase shift achieved in the 1.7 mm long device is as high as 80 π (251 rad), Figure 5 . Additionally, we observed a voltage-dependent insertion loss (blue curve in Figure 5 ), which is attributed to the light scattering occurring at the liquid crystal domain boundaries [29, 30] . The maximum slope of the phase-shift response corresponds to a voltage-length product of V π L = 0.06 V mm, which is, to the best of our knowledge, the smallest value ever reported so far in a silicon-based device.
Since the capacitance of the device is about 0.1 pF, the energy needed for varying the voltage from 0 V to 4 V is less than 1 pJ. Repeating this process at the frequency of 100 kHz would therefore lead to sub-µW power consumption. The power dissipated by the internal resistance of the device, which is about 20 GΩ, is instead in the nW range. Because of the high phase shifting efficiency, a device length of 100 μm is sufficient for most applications. In this case a π-shift could be obtained with a voltage swing smaller than 1 V, and the voltage-dependent loss would be smaller than 0.3 dB. 
DIFFERENCE-FREQUENCY GENERATION (DFG)
Difference-frequency generation and other second-order nonlinear processes such as spontaneous down-conversion or optical parametric amplification (OPA) are essential for a number of applications, ranging from spectroscopy, free-space communication, biochemical sensing, medical therapy, ultra-fast optical signal processing, lowest-noise optical amplification, and quantum physics. Since at least one of the frequencies involved in a three-wave mixing process is necessarily well separated from the others, second-order processes represent in a natural way an excellent candidate for generating mid-IR and far-IR wavelengths [31] . Efficient nonlinear conversion require materials with strong nonlinearities, high-optical intensities, and phase-matching between the waves involved [13] . So far, second-order nonlinear waveguides have been made of polymers, GaAs, InP, and LiNbO 3 [32] , and phase-matching has successfully been achieved by birefringence, intermodal dispersion, or quasiphase matching. These materials often require specialized process technologies which are not applicable for mass production. Further, the relatively small index contrasts which can be achieved limit the modal confinement in waveguides. Hence, conversion efficiencies are small, and optical output powers are usually only in the µW range [32] . The widely available silicon photonic technology, on the other hand, allows fabricating high-index contrast waveguides for obtaining the required intensities with low optical powers. The vision of creating mid-IR applications using the inexpensive silicon-photonics platform [33] has already led to a number of publications on the following topics: Silicon waveguides pumped below the two-photon absorption (TPA) edge with powers as high as 33.5 W (45 dBm) [34] , lowloss propagation in the 2-6 μm wavelength range [35, 36] , light generation at 2.4 μm with standard telecom sources [37] , high-Q SOI photonic crystal cavities at 4.4 μm [38] , Raman amplification at 3.39 μm [39] , and extensive simulations for single-mode operation and polarization-independent operation in SOI rib waveguides in the mid-IR region [40] . However, unstrained crystalline silicon is centrosymmetric, and its second-order nonlinearity is zero. As a consequence, mid-IR generation in unstrained silicon waveguides has to rely on silicon's third-order nonlinearity [34] , taking advantage of the "built-in" strong Kerr nonlinearity of crystalline [41] or amorphous silicon [42] . This, in turn, results in high pump power requirements. In silicon photonics, first attempts of second-harmonic generation are based on strained waveguides, but despite nanosecond peak pump powers as high as 0.7 W, the output peak powers are limited to only 40 nW [43] . The small efficiency is due to a non-phase-matched design. A method for achieving quasi-phase matching (QPM) in periodically strained silicon has already been proposed [44] , however, large mode sizes and small nonlinearities lead to normalized
conversion efficiencies smaller than 1 % W -1 cm -2 . More recently, a method of achieving phase-matching based on birefringence in strained silicon waveguides has been proposed [45] , but the efficiency of the device relies on nonlinearities which have not been shown so far in waveguides of the proposed size [46] . Finally, the potentially high efficiencies of SOH second-order nonlinear waveguides have already been discussed [14] , but unfortunately no waveguide design has been proposed so far [47] .
The proposed second-order nonlinear device
In order to obtain phase-matching in a SOH waveguide, we propose a double slot waveguide, Figure 6 . It consists of three parallel silicon strips realized on standard silicon-on-insulator (SOI) wafer having an oxide thickness of 2 μm and a device layer of 220 nm. The waveguide is spin coated with polymer-dispersed nonlinear chromophores [48] , which are processed to have a high χ (2) -nonlinearity only inside the two slots. This can be experimentally achieved by poling [3] the material at its glass transition temperature, and by applying two voltages as shown in Figure 6 . For definitiveness, we will describe a device for difference-frequency generation (DFG) with a pump wavelength of 1.5 μm, a signal wavelength of 2.9 μm and an idler wavelength close to 3.1 μm. Signal and idler propagate in a mode different from the mode in which the pump light is guided. The concept, however, is more general and may be applied to other spectral ranges as will be outlined below. Figure 6 . Silicon organic-hybrid (SOH) double slot waveguide for second-order nonlinear applications. The waveguide consists of three silicon strips on a glass substrate, it is multimoded and dimensioned such that modal phase-matching is achieved. The waveguide is covered by a nonlinear cladding, which is poled during fabrication by applying the voltages -V and +V to the outermost strips while the central strip is grounded. As a result, the nonlinear second-order susceptibility is high only inside the slots.
Phase-matching
The waveguide is dimensioned such that modal phase-matching (MPM) is achieved [32] between the quasi-TE 40 mode for the pump (four nodes in the horizontal direction, zero nodes in the vertical direction) and the fundamental quasi-TE 00 mode for signal and idler. These modes can be excited efficiently with special mode converters [47] . By a thorough numerical simulation of the dispersion of the optical modes involved, we find that for a fixed pump frequency and certain waveguide dimensions a pair of signal and idler frequencies exist satisfying the phase-matching condition. This information is represented in Figure 7 . The three curves stand for three different waveguide geometries, that can be chosen by the user according to the desired pump and signal wavelengths. The cyan regions show the frequencies for which the coherent buildup length [13] is equal or larger than 1 cm. Therefore a wavelength detuning of 50 nm or more from the ideal operating points still allows a coherent buildup of the converted wave, showing that the wavelength tuning requirements are very relaxed. 
Power levels and conversion efficiencies
A convenient quantity [32] for representing the device performance is the normalized conversion efficiency, which is defined by ( )
where P i,s,p (z) is the power of signal, idler and pump lightwaves at position z. We calculated numerically this quantity by performing a suited overlap integral between the optical modes involved and the nonlinear susceptibility tensor [47] . For the latter we assumed the value |χ 111 | = 230 pm/V, which corresponds to an electro-optic coefficient r 33 = 70 pm/V [3] . Propagation losses are neglected. As a result we find a normalized conversion efficiency as high as ( )
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As an example, assuming a CW pump power of 20 dBm, the calculated conversion efficiency corresponds to a signal and idler power gain equal to 14.7 dB/cm (in the limit of long device length). As a second example, assuming 20 dBm CW input pump power, −10 dBm signal input power, no idler at the input and neglecting losses, after propagating through a 1 cm long waveguide the idler has a power of 0.68 mW (−1.7 dBm), and the signal has a power of 0.78 mW (−1.1 dBm). We observe that the assumed nonlinear susceptibility of 230 pm/V is a very conservative value. In fact, nonlinear susceptibilities of 354 pm/V have already been measured at optical frequencies in nonlinear polymers [49] , and this value increases to 580 pm/V for organic crystals [50] .
Third-order nonlinearity vs. second-order nonlinearity
We further compare third-order with second-order nonlinear devices for state-of-the-art nonlinear materials, finding that second-order waveguides can be far more efficient than any other third-order nonlinear device. To this end, we calculate the electric field strength required for creating a certain nonlinear polarization. The optical response of a material can be described by expanding the polarization P(t) as a power series of the electric field strength E(t). For simplicity we represent the vector fields P and E by scalar quantities, The second-order polarization P (2) is always larger than the third-order polarization P (3) if the electric field is smaller than the critical field If we now substitute χ (2) = 230 pm/V and χ (3) = 10 5 pm 2 /V 2 (this value corresponds to the third-order nonlinear organic molecule DDMEBT which has previously been used for frequency conversion in SOI slot waveguides [4] and has one of the highest Kerr nonlinearities at 1.5 μm [4]), we find that the critical electric field is E c = 2. Since practical devices operate at intensities significantly smaller than the latter [34] , χ (2) waveguides will be more efficient than their χ (3) counterparts.
SUMMARY
We report recent progresses in silicon-organic hybrid (SOH) high-speed modulators, low-power liquid-crystal phase shifters and second-order nonlinear waveguides. We demonstrate a polymer-clad phase shifter having a 3 dB bandwidth larger than 90 GHz, which is, to the best of our knowledge, the fastest silicon-based modulator demonstrated so far. Despite its large bandwidth, our device has a voltage-length product of V π L = 11 Vmm which very well competes with the best silicon-photonic modulators available today. We further show that liquid crystals in a silicon slot waveguides can be efficiently driven by AC electric fields, solving the issue of ion-drift. We demonstrate a record-low voltage-length product of V π L = 0.06 Vmm, and sub-µW power consumption. Finally, we propose a silicon waveguide concept suited for three-wave mixing. We show that the necessary phasematching is possible in a silicon-organic hybrid (SOH) waveguide. This could be achieved by dispersion engineering. Our device has high conversion efficiency, is based on standard materials and technologies, and allows all-optical signal processing, mid-IR generation, and lowest-noise optical parametric amplification with small optical pump powers.
